DISCLAIMER
occur as a system moves from one load set (e.g., pressure, temperature, moment, and force loading) to any other load set. For each pair of load sets, an individual fatigue usage factor is determined by the ratio of the number of cycles anticipated during the lifetime of the component to the allowable cycles. Figure 1 -90 of Appendix I to Section I11 of the Code specifies fatigue design curves that define the allowable number of cycles as a function of applied stress amplitude. The cumulative usage factor (CUF) is the sum of the individual usage factors. The ASME Code Section I11 requires that the CUF at each location must not exceed a value of 1.
The current Code fatigue design curves are based on strain-controlled tests of small polished specimens at room temperature (RT) in air. In most studies, the fatigue life of a test specimen is defined as the number of cycles for the tensile stress to drop 25% from its peak value, which corresponds to a ~3-mrn-deep crack. Consequently, fatigue life N represents the number of cycles required to initiate a crack -3 mm deep. The best-fit curves to the experimental data are expressed in terms of the Langer equation where Ea is applied strain amplitude and A, B, and b are parameters of the model. The fatigue design curves were obtained by decreasing the best-fit curves to the experimental data by a factor of 2 on stress or 20 on cycles, whichever was more conservative, at each point on the best-fit curve. These factors are not safety margins but rather conversion factors that must be applied to the experimental data to obtain estimates of the lives of reactor components. The effect of LWR coolant environments on fatigue resistance of the material are not explicitly addressed in the Code design fatigue curves.
Recent fatigue strain vs. life (S-N) data from the U.S. (2-71 and Japan (8-121 illustrate potentially significant effects of LWR coolant environments on the fatigue resistance of carbon steels (CSs) and low-alloy steels (LASS). Environmental effects on fatigue life are significant when five conditions are satisfied simultaneously, viz., applied strain range, service temperature, dissolved oxygen (DO) in the water, and sulfur content of the steel are above a minimum threshold level, and the loading strain rate is below a threshold value. Although these are the minimum conditions that must be met to produce significant degradation in fatigue life, the actual dependence of fatigue life on these variables involves complex synergistic interactions. Also, studies on the effect of hightemperature aqueous environment on fatigue crack growth behavior of carbon and lowalloy steels indicate that flow rate is an important parameter for environmental effects on fatigue life in water [13, 14] . However, experimental data to establish either the dependence of fatigue life on flow rate or the threshold flow rate for environmental effects on fatigue life are not available. When any one of the threshold conditions is not satisfied, environmental effects on fatigue life are modest. Interim fatigue design curves have been developed that take into account temperature, DO content in water, sulfur level in steel, and strain rate [ 151. Statistical models have also been developed for estimating the effects of various material and loading conditions on fatigue life of materials used in the construction of nuclear power plant components [16] . Results of the statistical analysis have been used to estimate the probability of fatigue cracking in reactor components [ 161. The Pressure Vessel Research Council (PVRC) has also been compiling and evaluating fatigue S-N data related to the effects of LWR coolant environments on the fatigue life of pressure boundary materials; the results have been presented by Van Der Sluys ( 171.
variables such as steel type, dissolved oxygen level, strain range, strain rate, and sulfur This paper summarizes available data on the effects of various material and loading content on the fatigue life of CSs and LASs. The data have been analyzed to define the threshold values of the five critical parameters. Methods for evaluating the effects of LWR coolant environments on the fatigue life of these steels are presented, and estimations of fatigue lives under actual loading histories are discussed.
AIR ENVIRONMENT
The fatigue life of CSs and LASs in air depends on steel type, temperature, orientation, and strain rate. For LASs, the fatigue life is greater and fatigue endurance limit is higher than it is for CSs. For both steels, fatigue life decreases as temperature increases. Some steels show very poor fatigue properties in the transverse orientation.
The fatigue lives of A302-Gr B steel in the rolling (R) and radial (T2) orientations are shown in Fig. 1 . The fatigue life in the T2 orientation is nearly one order of magnitude lower than in the R orientation. Also, endurance limit in the T2 orientation is lower than it is in the R orientation. Metallographic examination of the specimens indicates that structural factors, such as distribution and morphology of sulfides, are responsible for the poor fatigue resistance of steels in transverse orientations, in which fatigue crack propagates preferentially along the sulfide stringers. The results also indicate that some heats of CS and LAS are sensitive to strain rate. For example, the fatigue life of A302-Gr B steel ( Fig. 1 ) decreases with a decrease in strain rate. The effect of strain rate is quite significant for the T2 orientation. A similar strain rate effect has also been observed in A333-Gr 6 carbon steel [7] . However, two heats of CS and LAS showed no effect of strain rate on fatigue life in air at 288°C [5,6].
The cyclic stress-strain response of CSs and LASs varies with steel type and temperature. In general, these steels show initial cyclic hardening followed by cyclic softening or a saturation stage at all strain rates. Significant initial hardening is seen in the CSs with a pearlite and ferrite structure and low yield stress. The LASs, which consist of tempered ferrite and bainitic structure, have a relatively high yield stress, and show little or no initial hardening, may exhibit cyclic softening during testing. For both steels, maximum stress increases as applied strain increases and generally decreases as temperature increases. However, at 2O0-37O0C, these steels exhibit dynamic strain aging, which results in enhanced cyclic hardening, a secondary hardening stage, and negative strain rate sensitivity . The temperature range and extent of dynamic strain aging vary with composition and structure. Effect of strain rate and temperature on the cyclic stress of CSs and LASs is shown in Fig. 2 . For both steels, cyclic stresses are higher at 288°C than at room temperature. At 288OC, all steels exhibit greater cyclic and secondary hardening. The extent of hardening increases as applied strain rate decreases.
The cyclic stress vs. strain curves for CSs and LASs at 288°C are shown in Fig. 3 ; cyclic stress corresponds to the value at half life. The total strain range A E~ (%) for CSs can be represented in terms of the cyclic stress range AG ( m a ) and applied strain rate 2 (%Is) with the equation The fatigue data indicate that in the temperature range for dynamic strain aging, strain rate may influence fatigue life of some steels even in an inert environment; the fatigue life may be either unaffected [5, 7] , decrease for some heats [18, 19] , or increase for others [20] . The relatively large variation in life observed in the tests at 288°C may be due to differences in the extent of dynamic strain aging in the steel. Because of the conflicting possibilities, strain rate effects were not explicitly considered in the statistical model. Inhomogeneous plastic deformation can result in localized plastic strains, this localization retards blunting of propagating cracks that is usually expected when plastic deformation occurs and can result in higher crack growth rates [18] . The increases in fatigue life have been attributed to retardation of crack growth rates due to crack branching and suppression of plastic zone. Formation of cracks is easy in the presence of dynamic strain aging [20] . In an air environment, Eqs. 4a and 4b consider only the effects of steel type and temperature on fatigue life.
LWR ENVIRONMENTS
The fatigue data in LWR environments indicate a significant decrease in fatigue life of CSs and LASs when five conditions are satisfied simultaneously, viz., applied strain range, service temperature, DO in the water, and sulfur content of the steel are above a minimum threshold level, and the loading strain rate is below a threshold value. Although the microstructures and cyclic-hardening behavior of CSs and LASs are significantly different, environmental degradation of fatigue life of these steels is identical. For both steels, environmental effects on fatigue life are minimal if any one of these conditions is not satisfied. The effects of these parameters on fatigue life are discussed below in greater detail to define the threshold values.
Temperature
The change in fatigue life of two heats of A333-Gr 6 CS with test temperature at different levels of DO [8,9,12] is shown in Fig. 5 . Other parameters, e.g., strain amplitude, strain rate, and sulfur content in steel, were kept constant; the applied strain amplitude and sulfur content were above and strain rate was below the critical threshold values. The results indicate a threshold temperature of 15OoC, above which environment decreases fatigue life if DO in water is also above the critical threshold level. In the temperature range of 150-320°C, fatigue life decreases linearly with temperature; the decrease in life is greater at high temperatures and DQ levels. Fatigue S-N data on highsulfur LASs are inadequate to determine the temperature dependence of fatigue life in water. Available data indicate that the threshold value of 150°C and a linear dependence of fatigue life on temperature may also be applicable to LASs. At temperatures below the threshold value of 150°C, life in water is 30-50% lower than in RT air. 
Strain Rate
A slow strain rate applied during the tensile-loading cycle (slow/fast test) is primarily responsible for environmentally assisted reduction in fatigue life. Slow strain rate applied during both tensile-and compressive-loading cycles (slow/slow test) does not cause further decrease in fatigue life. However, limited data indicate that a slow strain rate during the compressive-loading cycle (fastklow test) also decreases fatigue life, although the decrease in life is relatively small. The fatigue life of A533-Gr B steel at 288OC, 0.5-0.8 ppm DO, and ~0 . 5 % strain range decreased by factors of 5,8, and 35 for the fasufast, fast/slow, and slow/fast tests [5]. Similar results have been observed for A333-Gr 6 carbon steel; relative to the fast/fast test, fatigue life for slow/fast and fast/slow tests at 288OC, 8 ppm DO, and 1.2% strain range decreased by factors of 3.5 and 7.5, respectively [lo].
The S-N data indicate that strain rates above 1 %Is have'little or no effect on fatigue life of CSs and LASs in LWR environments. For strain rates 21 %/s, fatigue life decreases rapidly with decreasing strain rate. The fatigue lives of several heats of CSs and LASs [5-101 are plotted as a function of strain rate in Fig. 6 . The results indicate that when threshold conditions for the five parameters are satisfied, fatigue life decreases with decreasing strain rate and increasing levels of DO in water and sulfur content in the steel. For both CSs and LASs, the effect of strain rate on fatigue life appears to saturate at ~0 . 0 0 1 %/s strain rate.
Dissolved Oxysen
The dependence of fatigue life of carbon steel on DO content in water [9, 12] is shown in Fig. 7 . The test temperature, applied strain amplitude, and sulfur content in steel were above, and strain rate was below, the critical threshold values. The results indicate a minimum DO 'level of 0.05 ppm, above which environment decreases fatigue life of the steel. The effect of DO content on fatigue life saturates at 0.5 ppm, i.e., increases in DO levels above 0.5 ppm do not cause further decreases in fatigue life. In Fig. 7 , for DO levels between 0.05 and 0.5 ppm, fatigue life decreases logarithmically with DO. However, the data are extremely limited for adequate definition of the functional form for the dependence of life on DO content. The existing fatigue S-N data may also be represented by a linear dependence of life on DO content. Low Dissolved Oxvgen-Only a moderate decrease in fatigue life is observed in water when any one of the threshold conditions is not satisfied, e.g., low-DO pressurized water reactor (PWR) environments [4-81. The fatigue life of CSs and LASS in simulated PWR water is shown in Fig. 8 . For both steels, fatigue lives in a PWR environment are lower than those in air by a factor of less than 2. In PWR water, the effects of orientation and strain rate are similar to those in air. For some heats, a decrease in the strain rate by three orders of magnitude does not cause an additional decrease in fatigue life, e.g., results for A106-Gr B and A533-Gr B steels in Fig. 8 . On the other hand, for some heats, fatigue life decreased by a factor of 4 when strain rate decreased from 0.4 to 0.004%/s. The results also suggest that even the high-sulfur steels, e.g., A302 The fatigue life of A508-Cl3 steel containing 0.003 wt.% sulfur is plotted as a function of temperature and strain rate in Fig. 9 . Although scatter is significant, the data indicate little or no dependence of fatigue life on temperature and strain rate. The data suggest a minimum threshold value of 0.003 wt.% sulfur in the steels below which environmental effects on fatigue life are negligible. The available data are inadequate to establish either the dependence of fatigue life on sulfur content or the upper limit for sulfur content above which the effect of sulfur on fatigue life may saturate. 
Strain Amplitude
A minimum threshold strain is required for environmentally assisted decrease in fatigue life. This threshold value most likely depends both on material parameters such as amount and distribution of sulfides, and on parameters such as temperature, strain rate, and DO level in water. The fatigue life of A106-Gr B and A533-Gr B steels in high-DO water at 288°C and different strain rates is shown in Fig. 10 . For these heats of carbon and low-alloy steels, the threshold strain range appears to be at ~0.36%. This behavior is consistent with the slipdissolution model for crack propagation [22] ; the applied strain must exceed a threshold value to rupture the passive surface film in order for environmental effects to occur. However, this does not imply that the observed threshold strain is the actual film rupture strain. Film rupture occurs at the crack tip and is controlled by the crack tip strain. The threshold strain measured in smooth-specimen tests is a surrogate that in essence controls the crack tip strain, but no numerical equality between the two need be implied.
ESTIMATION OF FATIGUE LIFE
For service conditions that satisfy all critical threshold values, the fatigue life of carbon and low-alloy steels can be estimated from the statistical models [ 161. The fatigue life of CSs is expressed as The functional forms for S*, T*, 0*, and & * were defined on the basis of the experimental data. Equations 6b and 6d are consistent with the data in Figs. 5 and 6, respectively. In Eq. 6c, a linear rather than a logarithmic function of DO was used to define O*. A minimum threshold value of 0.003 wt.% sulfur was not included in the model. The data suggest a linear dependence of life on sulfur content; the effect of sulfur content was assumed to saturate at 0.015 wt.% sulfur. The last term in Eqs. 5a and 5b is zero when any one of the critical threshold conditions is not satisfied, e.g., in a PWR environment the low DO would imply that environmental effects are small even for low strain rates. The fatigue life of CSs and LASS in simulated PWR water is compared with values estimated from Eq. 5 in Fig. 8 . The fatigue lives in high-DO water at 288°C are compared with the estimated values in Fig. 10 . The predicted fatigue lives show good agreement with the experimental results.
FATIGUE EVALUATION
The fatigue S-N correlations of Eqs. 4 and 5 show excellent agreement with data obtained under loading histories with constant strain rate, temperature, and strain amplitude. Actual loading histories are far more complex. Exploratory fatigue tests have been conducted with waveforms where the strain rate or temperature was varied during the loading cycle. The results of such tests provide guidance for developing procedures and rules for fatigue evaluation of components under complex loading histories.
Strain Rate
Exploratory fatigue tests have been conducted with waveforms where the slow strain rate is applied during only a fraction of the tensile loading cycle. Sample results for A106-Gr B steel tested in air and low-and high-DO environments at 288°C and -0.75% strain range are summarized in Fig. 11 . The waveforms consist of segments of loading and unloading at fast and slow strain rates. The variation in fatigue life of A106-Gr B and A333-Gr 6 CSs is plotted as a function of the fraction of loading strain at slow strain rate in Fig. 12 [5-7,101. Open symbols indicate tests where the slow portions occurred near the maximum tensile strain. Closed symbols indicate tests where the slow portions occurred near the maximum compressive strain. In Fig. 12 , if the relative damage were totally independent of strain amplitude, fatigue life should decrease linearly from A to C along the chain-dot line. Instead, the results indicate that the relative 
Figure 1 I-Fatigue life of AI06-Gr B carbon steel at 288 "C and 0.75% strain range in air and water environments under different loading wavefoms
damage due to slow strain rate is independent of strain amplitude once the amplitude exceeds the threshold value. The threshold strain range is 0.36 % for A106-Gr B steel; a value of 0.25% was assumed for A333-Gr 6 steel. Loading histories with slow strain rate applied near maximum compressive strain (i.e., waveforms D, F, H, or K) produce no damage (line AD) until the fraction of the strain is sufficiently large that slow strain rates are occurring for strain amplitudes greater than the threshold. In contrast, loading histories with slow strain rate applied near the maximum tensile strain (i.e., waveforms C , E, G, or J) show continuous decreases in life (line AB) and then saturation when a portion of the slow strain rate occurs at amplitudes below the threshold value (line BC). For AlO6-Gr B steel, the decrease in fatigue life follows line ABC when a slow rate occurs near the maximum tensile strain and line ADC when it occurs near maximum compressive strain.
Fraction of strain at stow rate: 1 traction of strain at slow rate: 0.83 Fraction of strain at slow rate: 0.65
The A333-Gr 6 steel exhibits a somewhat different trend. For example, a slow strain rate near peak compressive strain appears to cause a significant reduction in fatigue life, while as discussed previously, slow strain rate had a significant effect on fatigue life of AlO6-Gr B steel only when they occurred at strains greater than the threshold strain. The apparent disagreement may be attributed to the effect of strain rate on fatigue life. This heat of A333-Gr 6 carbon steel exhibits a strain rate effect in air, e.g., fatigue life of the steel in air decreased ~2 0 % when the strain rate decreases from 0.4 to 0.004 %Is [7] . The cyclic hardening behavior of the steel is also quite different than that of the A 1 0 6 Gr B steel. In Fig. 12 , the decrease in fatigue life from A to A' is most likely caused by a strain rate effect that is independent of the environment. If the hypothesis that each portion of the loading cycle above the threshold strain is equally damaging is valid, the decrease in fatigue life due to environmental effects should follow line A'BC when a slow rate is applied near peak tensile strain, and line A'DC when it is applied near peak compressive strain. This behavior is consistent with the slip-dissolution model [22], i.e., the applied strain must exceed a threshold value to rupture the passive surface film in order for environmental effects to occur.
TemDerature
Fatigue tests have been conducted on tube specimens (1 or 3 mm wall thickness) of A333-Gr 6 carbon steel in oxygenated water under combined mechanical and thermal cycling [ 113. Two sequences were selected for temperature cycling: an in-phase sequence in which temperature cycling was synchronized with mechanical strain cycling, and another sequence in which temperature and strain were out of phase, Le., maximum temperature occurred at minimum strain level and vice-versa. Three temperature ranges, 50-290°C, 50-2OO0C, and 2O0-29O0C, were selected for the tests. The results are shown Temperature ("C) Figure 13 -Eflect of varying temperature on fatigue life of A333-Gr 6 carbon steel in Fig. 13 . An average temperature is used for the thermal cycling tests. Because environmental effects on fatigue life are moderate and independent of temperature below 15OoC, the temperature for the tests that were cycled in the range of 5Q-29OoC or 50-200°C was determined as the average of 150°C and the maximum temperature.
confirm that environmental effects on fatigue life are minimal at temperatures below 150°C. The results also indicate that the fatigue life for in-phase temperature cycling is comparable to that for out-of-phase cycling. At first glance, these results are somewhat surprising. If we consider that the tensile-loading cycle is primarily responsible for environmentally assisted reduction in fatigue life, then fatigue life for the out-of-phase tests should be longer than for the in-phase tests, because maximum strain occurs near maximum temperature for in-phase tests, whereas it occurs at temperatures below 150°C for the out-of-phase tests. As noted before, applied strain must be above a minimum threshold value for environmental effects on fatigue life. For out-of-phase tests, maximum temperatures occur at strain levels below the threshold value. If environmental effects on fatigue life are considered to be minimal at temperatures ~1 5 0°C and at strain levels c0.25 %, the average temperatures for the out-of-phase tests at 50-290°C, 50-2OO0C, and 200-290°C temperature ranges should be 195, 160, and 236"C, respectively, instead of 220, 175, and 245"C, as plotted in Fig. 13 . Consequently, the fatigue lives of out-of-phase tests are expected to be at least 50% higher than those of the in-phase tests.
The nearly identical fatigue lives for the two sequences may be explained by considering the effect of compressive-loading cycle on fatigue life. The fatigue data suggest that a slow strain rate during the compressive-loading cycle could also decrease fatigue life, although the effect of slow strain rate during a compressive cycle is smaller than that during a tensile cycle [5,lO] . The thermal cycling test results shown in Fig. 13 were obtained with a triangular waveform. For out-of-phase tests, although maximum temperatures occur at strain levels that are below the threshold value for the tensileloading cycle, they occur at maximum strain levels for the compressive-loading cycle. The contribution of compressive loading cycle on fatigue life may result in nearly the same fatigue life for in-phase and out-of-phase tests. For in-phase tests, maximum temperatures occur at strain levels that are below the threshold value for the compressive-loading cycle; contribution of compressive cycle on fatigue life would be negligible. However, the decrease in fatigue life because of a slow strain rate during compressive-loading cycle is difficult to reconcile in terms of the slip-dissolution model.
The results of constant temperature tests are consistent with the results in Fig. 5 and
Strain Amplitude
The fatigue S-N curves specify, for a given strain or stress amplitude, the number of cycles needed to form an "engineering" crack (e.g., a 3-mm-deep crack). These allowable number of cycles may be divided into two stages: cycles for formation of microcracks ( a few micrometers deep) on the surface, and cycles for propagation of the shallow surface cracks to an engineering size. The reduction in fatigue life in LWR environments may arise from a decrease in the period for formation of surface cracks and/or an increase in growth rates of the microcracks. The former is quite sensitive to applied strain amplitude.
The fatigue crack growth behavior of ferritic steels in high-temperature oxygenated water and the effects of sulfur content and loading rate are well known . Dissolution of MnS inclusions changes the water chemistry near the crack tip, making it more aggressive. This results in enhanced crack growth rates because either (a) the dissolved sulfides decrease the repassivation rate, which increases the amount of metal dissolution for a given oxide rupture rate [23] ; or (b) the dissolved sulfide poisons the recombination of H atoms liberated by corrosion, which enhances H uptake by the steel at the crack tip [27] . In addition to the effects of environment on crack growth, the water environment may also enhance crack nucleation. For example, corrosion pits or cavities produced by dissolution of MnS inclusions can act as sites for nucleation of fatigue cracks.
All fatigue specimens tested in water show surface micropitting. The specimens also contain an abundance of surface cracks, their surface length may vary from 4 0 to several hundred micrometers. These cracks may consist of several cracks that formed at different sites and then merged, or they may represent a single crack. A detailed evaluation of the test specimens did not show any evidence that fatigue cracks form preferentially at the micropits [28] . Examination of the fatigue specimens indicates that irrespective of environment, cracks in carbon and low-alloy steels form along slip bands, carbide particles, or at the ferritelpearlite phase boundaries. The cracking frequency, defined as the number of cracks along longitudinal sections of the gauge length, for fatigue specimens tested in different environments has also been measured [28] . The results show that environment has no effect on the frequency of cracking. For similar loading conditions, the number of cracks in the specimens tested in air and oxygenated water with 0.8 ppm DO are identical, although fatigue life in water is lower by a factor of 4. If the reduction in life is due to an enhancement in the formation of surface microcracks, the specimens tested in high DO water should show more surface cracks.
Exploratory tests have also been conducted to evaluate the contributions of environment to the formation of surface microcracks. Figure 14 shows the fatigue life of A106-Gr B steel in air (dashed line) and in high-DO water at 0.4 and 0.004%/s strain rates (circle and diamond symbols, respectively). Fatigue tests were conducted on specimens that were preexposed at 288°C for 30-100 h in water with 0 . 0 . 8 ppm DO and then tested either in air or <IO ppb DO water. At 0.4% strain range, nearly half the fatigue life may be spent in the formation of surface cracks. Fatigue lives of the preoxidized specimens are identical to those of nonoxidized specimens; life would be expected to decrease if surface micropits facilitate surface cracking. Preoxidized specimens of A533-Gr B low-alloy steel also show a similar behavior. Sequential tests have been conducted to check the possibility that both the high DO and slow strain rate are required to influence surface cracking. Fatigue specimens were first tested in high-DO water at 0.4% strain range and 0.004%/s strain rate for 570 cycles (~2 5 % of the life at these loading conditions) and then tested in either air or hi, oh-DO water at 0.4%/s strain rate. Fatigue life of these tests should be lower if formation of surface cracks Cycles to Failure, N2
contributes in any way to environmental effects. Once again, no reduction in life is observed; the tests yield a CUF value of >l. These results suggest that the reduction in fatigue life in high-DO water is primarily due to environmental effects on fatigue crack propagation.
CONCLUSIONS
The available data on the effects of various material and loading variables such as steel type, orientation, dissolved oxygen level, strain range, strain rate, loading waveform, and surface morphology on the fatigue life of carbon and low-alloy steels in air and water environments have been summarized. In air, the fatigue life of carbon and low-alloy steels depends on steel type, temperature, orientation (rolling or transverse), and strain rate. The fatigue life of CSs is a factor of ~1 . 5 lower than that of LASs. For both steels, fatigue life decreases with increase in temperature up to 320OC. Strain rate and orientation are important in some heats of CSs and LASs. For these heats, fatigue life decreases with decreasing strain rate. Also, the fatigue properties in transverse orientation may be inferior to those in the rolling orientation. Structural factors, e.g., distribution and morphology of sulfides, are responsible for the poor fatigue resistance in transverse orientations. In an air environment, the fatigue S-N curves for carbon and low-alloy steels indicate significant heat-heat-variation. At 288OC, fatigue life may vary up to a factor of 5 above or below the mean value. The results also indicate that the ASME mean curve for CSs is somewhat conservative with respect to the experimental data; at strain amplitudes <0.2%, the mean curve predicts significantly lower fatigue lives than those observed experimentally. The ASME mean curve for LASs shows good agreement with the experimental data.
Both carbon and low-alloy steels exhibit dynamic strain aging at temperatures between 20O-37O0C, which leads to enhanced cyclic hardening, a secondary hardening stage, and negative strain rate sensitivity, i.e., cyclic stress increases with decreases in strain rate. The temperature range and extent of dynamic strain aging vary with compositional and structural factors. The large variation in fatigue life that has been observed in the tests at 288°C may be due to differences in the extent of dynamic strain azing in the steel.
The available fatigue strain vs. life (S-N) data in LWR environments suggest that the reduction in fatigue life in high-DO water is primarily due to environmental effects on the growth of shallow cracks. The results show that environmental effects on fatigue life are significant when five conditions are satisfied simultaneously, viz., applied strain range, temperature, dissolved oxygen in water, and sulfur content in steel are above a minimum threshold level, and strain rate is below a critical value. Although the structure and cyclic-hardening behavior of carbon and low-alloy steels are distinctly different, there is little or no difference in susceptibility to environmental degradation of fatigue life of these steels. The fatigue life of carbon and low-alloy steels in air and LWR environments can be estimated from the statistical models.
For both steels, the fatigue data indicate threshold values of 150°C for temperature, 0.05 ppm for DO, and 0.003 wt.% for sulfur, above which fatigue life is decreased significantly in LWR environments if the other two threshold conditions are also satisfied. At 150-320°C, fatigue life decreases linearly with temperature. The effect of DO content on life saturates at 0.5 ppm; higher DO levels do not cause further decreases in fatigue life. For DO levels between 0.05 and 0.5 ppm, the fatigue life may be represented equally well by either a linear or logarithmic dependence of life on DO content. The data indicate a maximum threshold value of 1%/s for strain rate below which environmental effects on life are significant. When the threshold conditions for all five parameters are satisfied, fatigue life decreases logarithmically with decreasing strain rate. The effect of strain rate on life saturates at =0.001 %Is strain rate. The existing fatigue data are inadequate to establish the dependence of fatigue life on sulfur content, or to define the saturation level. The minimum threshold value for strain also can not be defined from the existing fatigue data. Most likely it depends on material parameters, e.g., size and distribution of sulfides, and on service parameters, e.g., temperature, strain rate, and DO level in water. Limited data suggest that the threshold strain is either equal to or slightly greater than the endurance limit of the material.
Only a moderate decrease in fatigue life is observed in LWR environments when any one of the threshold conditions is not satisfied, e.g., at temperatures 1150"C, or in low-DO PWR environments (50.05 ppm DO), or for low-sulfur steels (containing 10.003 wt.% sulfur). Under these conditions, life in water is 30-50% lower than that in air. The effects of orientation and strain rate are similar to those in air. For example, in a PWR environment at 288"C, heats of steel that are sensitive to strain rate also show a decrease in life as strain rate decreases, whereas heats that are not sensitive to strain rate do not show a change in life even when strain rate decreases by three orders of magnitude.
In LWR environments, when all of the threshold conditions are satisfied, both the tensile-and compressive-loading cycles are responsible for environmentally assisted reduction in fatigue life, although the effect of the compressive cycle is smaller than that of the tensile cycle. For loading cycles in which strain rate and temperature also vary with strain, the results indicate that environmental effects on fatigue life occur only when the five threshold conditions are satisfied. For example, a slow strain rate is effective in decreasing fatigue life only when it occurs at strains greater than the threshold strain. Also, slow strain rates applied during any portion of the loading cycle above the minimum threshold strain are equally effective in decreasing life. The fatigue S-N behavior for loading cycles where both temperature and strain change may be represented by an average temperature, determined from only that portion of the cycle where all five threshold conditions are satisfied. Limited data suggest that a linear summation of individual usage factors to determine CUF for a location is applicable for LWR environments; the results of sequential loading tests yield CUF values of 21, Le., the linear damage model is conservative. However, additional data are needed to verify these results.
